Atmospheric flows exhibit long-range spatiotemporal correlations manifested as the fractal geometry to the global cloud cover pattern concomitant with inverse power law form for power spectra of temporal fluctuations on all space-time scales ranging from turbulence (centimetersseconds) to climate (kilometers-years). Long-range spatiotemporal correlations are ubiquitous to dynamical systems in nature and are identified as signatures of self-organized criticality. Standard models in meteorological theory cannot explain satisfactorily the observed self-organized criticality in atmospheric flows. Mathematical models for simulation and prediction of atmospheric flows are nonlinear and do not possess analytical solutions. Finite precision computer realizations of nonlinear models give unrealistic solutions because of deterministic chaos, a direct consequence of round-off error growth in iterative numerical computations. Recent studies show that roundoff error doubles on an average for each iteration of iterative computations. Round-off error propagates to the main stream computation and gives unrealistic solutions in numerical weather prediction (NWP) and climate models which incorporate thousands of iterative computations in long-term numerical integration schemes. An alternative non-deterministic cell dynamical system model for atmospheric flows described in this paper predicts the observed self-organized criticality as intrinsic to quantumlike mechanics governing flow dynamics. The model provides universal quantification for self-organized criticality in terms of the statistical normal distribution. Model predictions are in agreement with a majority of observed spectra of time series of several standard climatological data sets representative of disparate climatic regimes. Universal spectrum for natural climate variability rules out linear trends. Man-made greenhouse gas related atmospheric warming will result in intensification of natural climate variability, seen immediately in high frequency fluctuations such as QBO and ENSO and even shorter timescales. Model concepts and results of analyses are discussed with reference to possible prediction of climate change.
Summary
Atmospheric flows exhibit long-range spatiotemporal correlations manifested as the fractal geometry to the global cloud cover pattern concomitant with inverse power law form for power spectra of temporal fluctuations on all space-time scales ranging from turbulence (centimetersseconds) to climate (kilometers-years). Long-range spatiotemporal correlations are ubiquitous to dynamical systems in nature and are identified as signatures of self-organized criticality. Standard models in meteorological theory cannot explain satisfactorily the observed self-organized criticality in atmospheric flows. Mathematical models for simulation and prediction of atmospheric flows are nonlinear and do not possess analytical solutions. Finite precision computer realizations of nonlinear models give unrealistic solutions because of deterministic chaos, a direct consequence of round-off error growth in iterative numerical computations. Recent studies show that roundoff error doubles on an average for each iteration of iterative computations. Round-off error propagates to the main stream computation and gives unrealistic solutions in numerical weather prediction (NWP) and climate models which incorporate thousands of iterative computations in long-term numerical integration schemes. An alternative non-deterministic cell dynamical system model for atmospheric flows described in this paper predicts the observed self-organized criticality as intrinsic to quantumlike mechanics governing flow dynamics. The model provides universal quantification for self-organized criticality in terms of the statistical normal distribution. Model predictions are in agreement with a majority of observed spectra of time series of several standard climatological data sets representative of disparate climatic regimes. Universal spectrum for natural climate variability rules out linear trends. Man-made greenhouse gas related atmospheric warming will result in intensification of natural climate variability, seen immediately in high frequency fluctuations such as QBO and ENSO and even shorter timescales. Model concepts and results of analyses are discussed with reference to possible prediction of climate change.
Introduction
Atmospheric flows exhibit irregular (chaotic) space-time fluctuations on aI1 scales ranging from climate (kilometers-years) to turbulence (millimeters-seconds) and is a representative example of turbulent fluid flows. Dynamical systems in nature, i.e., systems that change with time, such as fluid flows, heartbeat patterns, spread of infectious diseases, etc., exhibit nonlinear (unpredictable) fluctuations. Conventional mathematical and statistical theories deal only with linear systems and the exact quantification and description of nonlinear fluctuations was not possible till the identification in the 1970s by Mandelbrot (1977; 1983) , of the universal symmetry of selfsimilarity, i.e. fractal geometry underlying the seemingly irregular fluctuations in space and time (Schroeder, 1991; Stanley, 1995) . The study of selfsimilar space-time fluctuations generic to dynamical systems, now (since 1980s), belongs to the newly emerging multidisciplinary 88 A.M. Selvam and S. Fadnavis science of nonlinear dynamics and chaos (Gleick, 1987) . Selfsimilar fluctuations in space and time imply long-range spatiotemporal correlations and are recently identified as signatures of selforganized criticality (Bak et al., 1988) . Selforganized criticality in atmospheric flows is manifested as the fractal geometry to the global cloud pattern concomitant with inverse power law form for power spectra of temporal fluctuations documented and discussed in detail by Lovejoy and his group (Lovejoy, S., 1982; Lovejoy and Schertzer, 1986a, b; Schertzer and Lovejoy, 1991, 1994; Tessier et al., 1993 Tessier et al., , 1996 and all the references therein). Standard meteorological theory cannot explain satisfactorily the observed self-organized criticality in atmospheric flows (Tessier et al., 1993 (Tessier et al., , 1996 . Also, traditional mathematical models for simulation and description of irregular fluctuations in general, and atmospheric flows in particular are nonlinear and finite precision computer solutions are unrealistic (chaotic) because of deterministic chaos (Gleick, 1987) . In this paper, an alternative nondeterministic cell dynamical system model for atmospheric flows developed by the first author (Mary Selvam, 1990 ) is summarized. The model predicts the observed self-organized criticality as intrinsic to quantumlike mechanics governing flow dynamics. The model concepts enable universal quantification for the observed nonlinear variability in terms of the statistical normal distribution. The model predictions are in agreement with several standard long-term climatological data sets for meteorological parameters. The implications of model concepts for long-term climate change prediction are discussed.
The paper is organized as follows: Section 2 gives a detailed summary of general concepts in the newly emerging science of nonlinear dynamics and chaos and applications for quantifying the observed atmospheric flow patterns. Limitations of current concepts in standard meteorological theory and deterministic chaos in model solutions are discussed in Section 3. An alternative nondeterministic cell dynamical system model for atmospheric flows is summarized in Section 4. Details of climatological data sets used and analyses techniques are presented in Section 5. Section 6 contains results and discussions. Possible applications of model concepts for prediction of climate variability and climate change are given in Section 7. Conclusions regarding validity of model concepts and predictions are given in Section 8.
Nonlinear Dynamics and Chaos: A Multidisciplinary Science
The new science of nonlinear dynamics and chaos (Gleick, 1987) deals with unified concepts for fundamental aspects intrinsic to the complex (nonlinear) and apparently random (chaotic) space-time structures found in nature. Scientific community at large will derive immense benefit in terms of new insights and powerful analytical techniques in this multidisciplinary approach to quantify basic similarities in form and function in disparate contexts ranging from the microscopic to the macroscopic scale. 
